We have systematically investigated the effect of layer structures on the current efficiency of prototypical hole-injection layer ͑HIL͒/hole-transport layer ͑HTL͒/electron-transport layer ͑ETL͒ organic light-emitting diodes based on 4 , 4Ј ,4Љ-tris͓N-͑3-methylphenyl͒-N-phenylamino͔-triphenylamine ͑MTDATA͒ as the HIL, 4 , 4Ј-bis͓N-͑1-naphthyl͒-N-phenylamino͔biphenyl ͑NPB͒ as the HTL, and tris͑8-quinolinolato͒aluminum ͑Alq͒ as the ETL. With bilayer devices, the current efficiency is limited by exciplex emissions in the case of MTDATA/Alq and quenching of Alq emissions by NPB + radical cations in NPB/Alq. The improved current efficiency in trilayer MTDATA/NPB/Alq devices can be attributed to a reduction in NPB + radical cations at the NPB/Alq interface and a strong electric field in the NPB layer.
Since they first appeared in the 1980s, 1 organic lightemitting diodes ͑OLEDs͒ have received much attention due to their potential use as a full-color display technology. Although the efficiency and the operational life of OLEDs have vastly improved through intensive research effort, the mechanism underlying these key performance parameters are not well understood. The basic OLED device has a bilayer organic thin-film structure such as indium tin oxide ͑ITO͒/4,4Ј-bis͓N-͑1-naphthyl͒-N-phenylamino͔biphenyl ͑NPB͒/Alq/LiF/Al, where ITO is the anode and LiF/Al is the cathode, and NPB and Alq are the hole-transport layer ͑HTL͒ and the electron-transport layer ͑ETL͒, respectively. During operation, the injected holes and electrons recombine at or near the HTL/ETL interface, producing electroluminescence ͑EL͒. It has been shown that much improved OLED performance can be realized using a HIL/HTL structure, where HIL is the "hole-injection" layer inserted between the anode and the HTL. For example, with CuPc 2 as the HIL as in CuPc/NPB/Alq where Alq also functions as the emissive layer, long-lived OLEDs have been obtained. Another common HIL material is 4 , 4Ј ,4Љ-tris͓N-͑3-methylphenyl͒-N-phenylamino͔triphenylamine ͑MTDATA͒, 3 with which enhanced current efficiency and operational stability have been demonstrated. High-efficiency OLEDs have also been reported in various HIL/HTL configurations. [4] [5] [6] [7] [8] Furthermore, low-voltage and high-efficiency OLEDs can be realized with a p-doped HIL [9] [10] [11] in which the layer thickness can be readily adjusted for optimal light extraction. It has been suggested that the enhanced performance in HIL/HTL devices is due to a sequence of cascaded hole-injection barriers present in the HIL/HTL/ETL structure, which produces a "balanced" electron-hole recombination at the HTL/ETL interface. 12, 13 In this paper, we systematically investigate the effect of the HIL on OLED performance characteristics, specifically the cause for current efficiency enhancement. Figure 1 shows the multilayer OLED structure and the molecular structures for the HIL ͑MTDATA͒, HTL ͑NPB͒, and ETL ͑Alq͒. The Fabrication of OLEDs by physical vapor deposition is described elsewhere. As a consequence, the voltage drop in the NPB layer is no longer negligible. This additional voltage drop in the NPB layer has manifested in a higher driving voltage for the trilayer devices in comparison with the bilayer devices, as evident from Fig. 2͑a͒ . Furthermore, for a given current density, the driving voltage increases almost linearly with the thickness of the NPB layer, as shown in Fig. 3 , indicating that the electric field in the NPB layer is relatively constant. Assuming that the voltage drop in the MTDATA layer is negligible, the electric field in the NPB layer can be estimated according to Eq. ͑1͒,
where V is the driving voltage, E NPB ͑J͒ is the electric field in the NPB layer under current density J, d NPB is the thickness of the NPB layer, V Alq is the voltage drop in Alq which is assumed to be constant for a given current density, and ⌬V wf ͑ϳ1.45 V͒ is the work function difference between the anode and the cathode. The slope of each line plotted in Fig. 3 is the electric field in the NPB layer, which increases from 0.45 to 0.84 MV/cm, as the current density increases from 0.1 to 80 mA/ cm 2 . Figure 3 inset shows that the current efficiency increases linearly with the electric field in the NPB layer from 3.3 to 5.5 cd/A. Figure 2͑b͒ shows the current efficiency of devices A-F as a function of current density. The MTDATA/Alq bilayer device B has the lowest current efficiency of 1.2 cd/A ͑mea-sured at 80 mA/cm2͒ compared to 3.1 cd/A for the NPB/Alq bilayer device A, and ϳ5.5 cd/ A for trilayer devices C-F. Also noted is the large percent increase in the current efficiency with current density for MTDATA/Alq bilayer device B and for trilayer devices C-F. In contrast, the current efficiency is relatively independent of the current density for the NPB/Alq bilayer device A.
The low current efficiency for device B has been attributed to the formation of exciplex, 13, 17 at the MTDATA/Alq interface, where the EL emission quantum yield is controlled by the exciplex emission with a lower quantum yield than Alq. Being a strong donor, MTDATA has a strong propensity to form exciplex with the acceptor Alq. This device also exhibits a redshift in the EL spectrum relative to the Alq emission, which has been attributed to emission from the MTDATA-Alq exciplex. 17 With increasing current density, the EL spectrum shows a gradual blueshift along with an increase in the current efficiency. This appears to indicate a decrease in exciplex emissions at the MTDATA/Alq interface in favor of Alq emissions due to increased hole injection into the bulk of Alq.
There is little evidence for exciplex formation in the NPB/Alq bilayer device A. The EL spectrum exhibits the characteristic Alq emission and, unlike the MTDATA/Alq device, it shows hardly any blueshift with current density of up to 80 mA/ cm 2 . The higher current efficiency in the NPB/ Alq device compared to the MTDATA/Alq device can be attributed to the lack of exciplex emissions, which is consistent with NPB being a weaker donor compared to MTDATA.
The current efficiency in trilayer devices C-F is substantially improved over NPB/Alq bilayer device despite the fact that they have in common the NPB/Alq interface. It has been reported that charge quenching can play a significant role in determining the current efficiency of EL devices under various device configurations and drive conditions. 14, 18, 19 It has been suggested that exciton quenching at the NPB/Alq interface due to the accumulation of NPB + radical cations 20, 21 at the interface largely determines the current efficiency. In the case of the bilayer NPB/Alq device, the electric field in the NPB layer is negligible under forward bias, and the NPB/Alq 
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interface is acting as a virtual anode with NPB + ͑hole͒ density primarily determined by the electric field in the Alq layer. Substantial quenching can therefore take place if the conditions for Förster energy transfer from Alq excitons to NPB + radical cations are satisfied. Preliminary chargemodulation experiments, which will be reported elsewhere, have confirmed the role of NPB + as the likely quenchers in the NPB/Alq bilayer device.
In the MTDATA/NPB/Alq trilayer devices, an electric field is induced in the NPB layer due to the accumulation of holes at the MTDATA/NPB interface. The net surface charge density at the NPB/Alq interface can be expressed as in Eq. ͑2͒,
where h ͑ e ͒ is the surface density of holes ͑electrons͒ at the NPB/Alq interface, r and 0 are the relative ͑which are supposed to be the same for NPB and Alq͒ and vacuum dielectric constants, and E Alq and E NPB are the electric fields in the Alq and NPB layer. e and E Alq are presumably constant for a given current density through both bilayer and trilayer devices. Increasing E NPB will cause h to decrease proportionally. Accordingly, charge quenching due to h is reduced and the current efficiency is increased. Under a given current density, E NPB is approximately the same for all the trilayer devices ͑Fig. 3͒, and the current efficiency, which is proportional to E NPB as shown in the inset of Fig. 3 , is independent of the NPB layer thickness. It can be seen in Fig. 2 that the current efficiency for the MTDATA/NPB/Alq trilayer devices increases with increasing current density. As in the case of the MTDATA/Alq device, this can be explained in terms of enhanced hole injection and bulk recombination in the Alq layer at a higher electric field in the NPB layer, while reducing recombination at the NPB/Alq interface.
In conclusion, we have shown that the enhanced current efficiency observed in OLEDs with a trilayer MTDATA/ NPB/Alq structure is due to the presence of a hole-injection barrier at the MTDATA/NPB interface, which creates an electric field in the NPB layer and reduces the hole density at the NPB/Alq interface. NPB + radical cations have been attributed as quenchers of Alq emissions.
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